Background-The Pentose Phosphate Pathway (PPP) is involved in the body's protection against oxidative stress and resistance/susceptibility to apoptosis and thus has been implicated in tumor development and progression. Here we present data examining the association of genetic variation in one of the key enzymes of the PPP, Transaldolase 1 (TALDO1) with squamous cell carcinoma of the head and neck (SCCHN).
Introduction
Head and neck cancer typically includes cancers of the oral cavity (lip, tongue, salivary glands, gum, and mouth floor), pharynx (nasopharynx, hypopharynx, and pharynx), and the larynx. In the United States (US) there are expected to be 28,900 new cases of head and neck cancer and 7,400 new deaths per year [1] . Head and neck cancers are the sixth most frequent cancers in the world [1] . Tobacco use is the most important established risk factor for head and neck cancer. In addition, in the US, tobacco and alcohol use account for approximately 75% of all oral and pharyngeal cancers [2] . Other factors that have been associated with the risk of head and neck cancer include diet, certain occupational exposures, and infection with human papilloma virus [3] [4] [5] [6] [7] .
Based on histology, head and neck tumors are relatively homogeneous, and are primarily squamous cell carcinomas. In spite of the histological homogeneity, the clinical behaviors and outcomes of squamous cell carcinomas of the head and neck (SCCHN) are very heterogeneous. This heterogeneity poses difficulties for prevention and treatment of these tumors, in fact greater than 70% of the variation in survival among SCCHN can not be accounted for under current diagnostic staging schemes [8] . In an attempt to classify these tumors into reproducible outcome subtypes Chung et al., used genome-wide expression profiling and found that they could classify SCCHN into four distinct and reproducible subtypes that demonstrated significant differences in recurrence-free survival [9] .
In the present study we expand on this work to explore the importance of germline genetic variation in TALDO1, a highly expressed gene in the subgroup of SCCHN tumors that showed the best recurrence-free survival rates [9] . This subgroup of tumors had high expression levels of several antioxidant enzymes involved in xenobiotic metabolism including Glutathione STransferase M3, Thioredoxin Reductase 1, Glutathione Peroxidase 2, Aldo-Keto Reductase 1, as well as two genes involved in the Pentose Phosphate Pathway (PPP), Phosphogluconate Dehydrogenase, and Transaldolase 1 (TALDO1). This same set of genes was also found to be more highly expressed in the lung epithelium of smokers versus non-smokers [10] . Genetic variation in the TALDO1 gene has not previously been examined in SCCHN.
Transaldolase 1 is a key enzyme in the PPP. The primary functions of the PPP are to generate both ribose-5-phosphate (R5P) for the synthesis of nucleic acids and reducing equivalents, in the form of NADPH. NADPH is used in the body's biosynthetic reactions as well as in the maintenance of glutathione (GSH) in a reduced state for protection against oxidative stress [11] . The PPP includes an oxidative and a non-oxidative arm. The two arms of the PPP are functionally inter-related, and the balance between them can affect a cell's proliferation rate and its ability to respond to apoptosis induction. The body's protection against oxidative stress and resistance or susceptibility to apoptosis is relevant to both tumor development and progression [12] [13] [14] [15] [16] [17] [18] [19] .
The TALDO1 gene is located on the short arm of human chromosome 11 in the region 11p15.5-p15.4 [20] . A 17,479 nucleotide genomic region encompasses all eight exons. The 11p15 region of chromosome 11 has been linked to a number of developmental disorders such as multiple sclerosis [21] and to numerous malignancies including bladder, brain, breast, esophageal, ovarian and testicular cancers [22] [23] . TALDO1 is transcribed as a single 1.3 kb mRNA and the start of transcription is located 48 bases upstream of the translation start site. The core promoter of TALDO1 has been mapped to positions -49 to -1 and the basal promoter activity has been shown to be primarily mediated by the transcription factor ZNF143 [24] . Additional positive regulatory elements were shown experimentally to map to the sequence -152 to +53, and negative regulatory regions were shown to map between -903 and -387 [24] .
The goal of the present study is to describe genetic variation in the TALDO1 gene and to determine whether the variation is associated with the occurrence of SCCHN and whether the patterns differ by race, present or past smoking status and stage of the cancer. We first performed a re-sequencing analysis of the TALDO1 gene to identify common SNPs (minor allele frequency > 5%), in our study population. We then utilized the SNPs identified through re-sequencing of TALDO1 and the SNPs identified using the HapMap data to evaluate the association of TALDO1 polymorphisms with SCCHN.
Material and Methods

Study Population, Survey Development and Sample Collection
The study population consisted of a random sample of case and control smokers (former and current) from the Carolina Head and Neck Cancer Study ("CHANCE"; A. Olshan, PI). The goal of the CHANCE study is to comprehensively evaluate the role of genetic susceptibility in the etiology of squamous cell carcinoma of the head and neck. Cases consist of adults aged 20-80 that were newly diagnosed with a first primary invasive squamous cell carcinoma of the head and neck cancer (pharynx, larynx, oral cavity) between January 1, 2002 and February 28, 2006 . To be eligible, cases had to be residents of a 46 county region in North Carolina. Subjects with tumors of other histologies or at other head and neck sites, or a history of recurrent or second primary tumors were not eligible. Cases were identified using a rapid case ascertainment system in conjunction with the North Carolina Central Cancer Registry. For cases, subsequent to obtaining consent, pathology reports and corresponding slides of tumor specimens from the patient's diagnostic surgery were obtained and histological confirmation and stage categorization was performed by a study pathologist. The overall cooperation rate of the cases was 81%. Controls from the same geographic region were identified using driver's license data. Controls were randomly sampled with stratification on age, race, and sex to obtain comparability to the expected case distribution on these factors. The overall cooperation rate of controls was 61%. Written informed consent for an interview, the collection of biologic specimens, and, for cases the collection of medical records was obtained prior to conducting the interview. In-person interviews were conducted to obtain lifetime histories of tobacco and alcohol use, dietary habits, medical history, and other factors.
The present analysis was performed as a pilot study on a random subset of smokers (ex and current) consisting of 328 SCCHN case and 354 controls from the eligible cases and controls that had been accrued at the start of the present analysis. Because smoking is the major risk factor for SCCHN we chose to analyze a random sample of cases and controls that were all either ex-or current smokers, to minimize heterogeneity and to increase the power for detecting gene-disease association [25] . This research protocol was approved by the University of North Carolina's Institutional Review Board.
DNA Extraction
Two 10ml yellow-top vacutainer tubes (containing ACD) that were used for DNA extraction from mononuclear cells were transported to the lab within 1-16 hours and processed immediately upon receipt. A high-salt DNA extraction method using either the Puregene chemistry from Gentra systems (Minneapolis, MN) or the BloodPrep® DNA Chemistry from Applied Biosystems (Foster City, CA) was used for all DNA extractions Gene Re-sequencing for SNP Identification DNA obtained from 96 cases (48 AA / 48 EA) from the CHANCE study was used for the TALDO1 gene re-sequencing. PCR primers were designed to amplify all coding regions, and approximately 200 basepairs (bp) of the exon-intron boundaries, and 650 bp of the 5' and 3' genomic regions. These primers were then used to PCR amplify and directly sequence genomic DNA. All sequencing was performed by Polymorphic DNA Technologies Inc. (Alameda, Ca.) using high throughput capillary Sanger dideoxy DNA sequencing. Sequencing was performed in both the 5' and 3' direction for SNP validation.
Genotyping
SNPs identified via re-sequencing were chosen for the genotyping analysis if their Minor Allele Frequencies (MAF) were greater than 5% within all 96 SCCHN samples or within the AA or EA populations only. Twelve SNPs were chosen for genotyping. SNP genotyping assays were successfully developed for 9 of the 12 SNPs; 3 SNPs failed assay development and were excluded from further analyses. SNPs identified in our re-sequencing project were supplemented with two SNPs from the HapMap project Release 16c (phase1/build 34/assembly 124) and one SNP from Release 19 (phase2/build 34/assembly 124). These 3 SNPs were selected because 1) they were located within introns of TALDO1 not re-sequenced, and 2) they demonstrated MAFs ≥5% among either the Utah residents with ancestry from Northern and Western Europe (CEU) or the Yoruba in Ibadan, Nigeria in West Africa (YRI) populations. Genotyping was performed on an Applied Biosystems (ABI) 7900 machine using ABI custom designed TaqMan MGB probes and primers and TaqMan Universal Master Mix (no UNG), and analyzed using ABI software version 2.2. Five percent of the samples from each genotyping assay were duplicated. For the bi-allelic SNPs 99.6% of the genotyping assayed were successfully assayed. For the tri-allelic SNP the success rate was 98.4%. Concordance between duplicates was 100%. The tri-allele SNP #1 (rs10794338), identified in our re-sequencing analysis, was genotyped using two sets of TaqMan assays to detect the third allele, a method that has been shown to be highly accurate for tri-allelic polymorphisms [26, 27] .
Statistical Analysis
Hardy-Weinberg equilibrium (HWE) was assessed among controls and within each race group using the exact test implemented in SAS Genetics (version 8.2) (SAS Institute, Cary NC). Pairwise linkage disequilibrium (LD) using r 2 was evaluated using LDSelect, since this allows for the inclusion of tri-alleles [28] . Genotypic association analyses with disease and disease stage (stages I & II grouped as early and stages III & IV grouped as late) were conducted using unconditional logistic regression to estimate odds ratios (ORs) adjusted for age and gender. For each SNP the most frequent homozygote genotype among EA (denoted major/major) was the referent for both race analyses allowing comparison of results across ethnic groups. In the case of the tri-allelic SNP, the referent genotype was C/C with the two other groups comprised of genotypes with either one C allele (C/G and C/T) or no C allele (G/G, G/T, T/T). Four genetic models, general, additive, dominant and recessive, were evaluated. For the general model two ORs [major/major (referent) vs major/minor (OR1) and major/major (referent) vs minor/minor (OR2)] and 4 p-values were calculated with the third p-value the chi-square or "global" p (reported in Table 3 ), and the fourth p-value the "trend" p (reported in Table 3 ), calculated by coding each genotype as an ordinal value. Since all SNPs were located in a single gene, and thus not entirely independent of one another, no corrections for multiple comparisons were made. The likelihood ratio test (LRT) was used to identify any interactions between SNP and smoking (ever vs. current, and pack years), SNP and drinking, as well as to investigate SNP-SNP interactions, using an alpha level of 0.20. Power calculations were carried out using the method of Dupont and Plummer [29] .
Results
SNP Identification
Re-sequencing DNA from 96 head and neck cancer cases identified 27 SNPs within the coding and immediate adjacent regions of TALDO1. The sequencing contig coverage of the gene resulting from this analysis is illustrated in Figure 1 . This re-sequencing effort discovered 20 SNPs that had not been previously identified, however only three of these had a MAF of >5% in either EA or AA. Of the three newly identified SNPs, one (#2) was located in the extended promoter region 5' of the gene and the other two (#'s 11 and 12) were located downstream (3') from the last exon. In addition, we identified SNP #1, as a tri-allelic SNP, which was a new observation. This SNP is located in a putative repressor region in the extended promoter region, 5' of the TALDO1 gene as assessed by promoter deletion analysis [24] . Our re-sequencing analysis also allowed us to provide allelic frequency data for SNPs rs11302 (#8) and rs2075545 (#10) for both AA and EA and for SNP rs3901233 (#3) for EA and for SNP rs7933290 (#9) for AA for which frequency data were not available in the literature (http://www.hapmap.org).
In summary, a total of 12 of the 27 SNPs (3 novel and 9 previously identified) from the resequencing project had a MAF of >5%, either in the entire population studied or within the EA or AA component of the population only. As described in the Material and Methods, 9 of these 12 SNPs, as well as three SNPs derived from the HapMap project were used in genotyping.
Genotyping
Population characteristics for the CHANCE subgroup used in this association analysis are described in Table 1 . Briefly, this analysis was conducted on 328 SCCHN patients as well as 354 controls. To attempt to minimize heterogeneity and to increase the power for detecting gene-disease association in this pilot study, all subjects analyzed are either ex or current smokers. A total of 527 EA and 115 AA were included in the analysis. The position of each SNP within the TALDO1 gene and their MAF in 293 EA control subjects or 61 AA control subjects is shown in Table 2 . Among controls three SNPs (#'s 1, 3, and 6) failed HWE in AA and one (#5) failed HWE among EA (data not shown). These violations are not likely to be due to genotyping errors for several reasons. First, 100% concordance was observed between duplicate genotyping samples and second, samples for which SNPs were assayed by both TaqMan and sequencing were 100% concordant. In addition, the violations seen in the AA controls were not seen in the EA controls even though placement of samples on the genotyping plates was randomly distributed with regard to race. Therefore, the HWE violations are likely due to small sample size, particularly in AA. SNPs out of HWE (#5 in EA and #'s 1, 3, and 6 in AA) were not evaluated for association.
Weak LD was observed across TALDO1 either among the SNPs evaluated in our study or among those in HapMap. The LD structure was evaluated using LDSelect [28] using an r 2 ≥0.8 to creates bins. This analysis placed the 12 SNPs into 10 bins. Only two pair of SNPs were placed in common bins, SNPs 5 & 12 (r 2 =0.89) and SNPs 3 & 6 (r 2 =0.87). All other SNPs had pairwise LD r 2 values < 0.8. When a lower r 2 threshold (0.64) was used no additional bins were formed. Due to the little LD structure between these SNPs, haplotype analyses were not performed.
Disease Association
The association of individual TALDO1 polymorphisms with SCCHN was examined in both AA (supplementary data) and EA. Effect estimates for AA were unstable as a result of small sample size, thus results are shown only for EA. Table 3 illustrates the results for the 7 SNPs out of the original 12 identified whose MAF were >5% in EA (8/12) and whose frequencies did not violate HWE (7/8). The ORs in Table 3 (adjusted for age and gender) demonstrate evidence of association between three SNPs (#'s 1, 3 & 6) and SCCHN in EA. Specifically, for SNP #1 (the tri-allele) an inverse association was seen with SCCHN status and the homozygous presence of the minor allele(s), which was consistent with a recessive model of inheritance. An increased association with disease was seen for SNPs #3 and #6 with any presence of the minor allele (A or C respectively), which is consistent with a dominant model of genetic inheritance. Additionally, it should be noted that the ORs in Table 3 did not change substantially after adjusting for smoking duration (pack years) or dose status (ex-smoker versus current).
The LRT was used to investigate both SNP-SNP and SNP-smoking interactions associated with SCCHN in both population groups (supplementary data: Tables S-1 and S-2) . No clear patterns of interaction were found, but the sample sizes for some analyses were small.
We also examined the influence of alcohol using reported history of beer, wine, or hard liquor consumption. In our data, average amount of beer consumption per week was most strongly associated with the risk of SCCHN (>= 15 beers a week OR=3.11; CI=2.01, 4.80). We evaluated beer consumption as a confounder of the relationship between TALDO1 SNPs and the risk of SCCHN and found no material differences from the results reported in Table 3 Finally, we investigated OR in EA for association of each SNP and later stage at diagnosis (Table 4 ). For SNPs that showed a significant positive association with disease (SNP #'s3 and 6) a trend toward later stage disease at diagnosis was observed, while a trend toward earlier stage disease was observed for the SNP negatively associated with disease (SNP# 1). These associations however, did not reach statistical significance due to small sample size among some of the stage groups (I+II vs III +IV). It should be noted that we do not have data on recurrence, and data on metastasis is incorporated into the staging and thus is a more useful overall outcome measure.
Discussion
The occurrence of SCCHN is due in large part to smoking, and possibly other exposures and interaction with genetic factors [2] [3] [4] [5] [6] [7] . In this study we investigated for the first time whether genetic variations in TALDO1 are associated with cancer of the head and neck. Although, TALDO1 is a key enzyme of the PPP, which is involved in the production of R5P for synthesis of nucleic acids as well as in the generation of NADPH for biosynthetic reactions and response to oxidative stress, it has not traditionally been examined for association with cancer and smoking status. The PPP metabolic pathway enzymes however can contribute to tumor initiation and progression in a variety of ways. For instance an earlier expression study identifying TALDO1 and another PPP enzyme as being up-regulated in a subgroup of SCCHN patients with increased survival indicated that this subset of tumors might have an altered metabolic profile [9] . In addition, Hackett, et al, have shown that 5/12 of the enzymes in the PPP are up-regulated in the airway epithelium of smokers [10] , providing further evidence that smoking, one of the key risk factors for SCCHN, induces metabolic changes in normal tissues. Both the study of Chung et al., and Hackett et al., indicate that changes in transaldolase1 levels or activity may be important for understanding the initiation and progression of SCCHN tumors. The present study investigated whether germline genetic variation in TALDO1 is associated with the development of SCCHN in a case-control population (of 328 SCCHN cases and 354 controls) of ex-or current smokers stratified by race. This analysis identified one polymorphism that provides suggestive evidence of a protective effect for SCCHN, as well as two polymorphisms that provide suggestive evidence for an increased risk of disease in EA.
We first conducted a re-sequencing analysis to identify SNPs in TALDO1 in our study population. Our sequencing results identified 20 new SNPs (3 with MAF >5%), in the intronic and 5' and 3' regions of the gene. In addition, this re-sequencing effort allowed us to recognize a previously reported bi-allelic SNP, SNP #1 (rs10794338), in the extended promoter region of TALDO1 as a tri-allelic SNP allowing development of a tri-allelic assay for genotyping.
The present analysis of seven SNPs in EA identified three (#'s 1, 3 and 6) that were associated with SCCHN. The fact that one of the associations (SNP #1) identified in EA showed an inverse correlation with disease was interesting particularly in light of the fact that over expression of transaldolase1 can result in an increased susceptibility to apoptosis [15] . This then might suggest that SNP#1 may be associated with increased levels of transaldolase1. This scenario is biologically plausible since this SNP is located in a putative repressor region in the TALDO1 promoter [24] , suggesting that perhaps this polymorphism might positively affect expression levels. The results with SNP #1 also correlate with the genome-wide expression profiling study of Chung et al., which showed that increased levels of TALDO1 helped classify a subpopulation of SCCHN cases into a disease subtype that had the best recurrence-free survival [9] . Additionally, two SNPs #3 (rs3901233) and #6 (rs4963163) in strong LD, were most strongly associated with disease when a dominant model of inheritance was considered. The potential exists that either of these intronic SNPs may also effect expression levels of TALDO1 or are in LD with an unknown SNP that does. In this case however, since these SNPs demonstrate a positive association with disease we might expect a down-regulation of TALDO1 expression. In addition, the present results suggest that SNP #1 may be associated with early stage disease whereas SNP #'s 3 and 6 seem to be associated with late stage disease (Table IV) .
Several strengths of our study should be noted; especially the population-based design and rapid case ascertainment of this unique group of SCCHN cases and controls that provides for a systematic identified and representative case group and the confirmation of case status by a comprehensive pathologic review. In addition, this study provides more complete identification and characterization of TALDO1 genetic variants in both African and European Americans. Furthermore, scientific evidence supports the role of TALDO1, an under-studied candidate gene, in SCCHN tumor biology and the extensive case-control subject characterization provided a unique opportunity to determine the effects of specific risk factors such as smoking. However, like many candidate gene studies, our coverage of TALDO1 was not based on complete sequencing data in our study population, in part due to the prohibitive cost of sequencing extensive intronic regions, however our use of multiple approaches to genotyping did not restrict our analysis to only validated assays under a single platform. In addition, due to the low minor allele frequency for some SNPs among EA, and low sample number of AA, there was limited power to evaluate the main effects of SNPs among AA and among SNPs with low minor allele frequencies or to test for interactions. Nonetheless, our exploratory study had good power (83% power to detect associations at an OR ≥1.5; p-value = 0.05 for genotypes of 20% frequency) to detect moderate effects of most of the TALDO1 variants examined.
In summary, this exploratory study is the first to examine the association of genetic variations in the TALDO1 gene with the risk of SCCHN. In this study we found suggestive evidence of a reduced risk for SCCHN with one polymorphism in the TALDO1 gene in EA, a tri-allelic SNP located in the 5' extended promoter region and for an increased risk with two SNPs one located in the first and the other in the fourth intronic region. Further studies are needed to confirm these initial observations. In addition, the mechanism(s) responsible for these effects remains to be elucidated.
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